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                                                                    Abstract 
    This paper is devoted to the investigation of the origin and mechanism of 
randomization in late boundary layer transition over a flat plate without pressure 
gradient. The flow randomization is a crucial phase before flow transition to the 
turbulent state. According to existing literatures, the randomization was caused by 
the big  background noises and non-periodic spanwise boundary conditions. It was 
assumed that the large ring structure is affected by background noises first, and 
then the change of large ring structure affects the small length scales quickly, which 
directly leads to randomization and formation of turbulence. However, by careful 
analysis of our high order DNS results, we believe that the internal instability of 
multiple ring cycles structure is the main reason. What we observed is that 
randomization begins when the third cycle overlaps the first and second cycles. A 
significant asymmetric phenomenon is originated from the second cycle in the 
middle of both streamwise and spanwise directions. More technically, a visible 
asymmetric phenomenon in the middle vortex ring cycle starts at time step t=16.25T 
and x=838.9δin where the top and bottom level rings are still completely symmetric. 
The non-symmetric structure of middle level ring affects the small length scale in 
boundary layer bottom quickly. The randomization phenomenon spreads to top 
level through ejections. Finally, the whole flow domain becomes randomized. A 
hypothesis of C- and K-types shift is given as a possible mechanism of flow 
randomization.   
Nomenclature 
∞
M   = Mach number                                                          Re     = Reynolds number 
inδ    = inflow displacement thickness                                wT     = wall temperature  
∞
T    = free stream temperature                                           inLz   = height at inflow boundary 
outLz    = height at outflow boundary 
Lx   = length of computational domain along x direction 
Ly  = length of computational domain along y direction 
inx   = distance between leading edge of flat plate and upstream boundary of computational domain 
dA2  = amplitude of 2D inlet disturbance                          dA3  = amplitude of 3D inlet disturbance 
ω   = frequency of inlet disturbance           
2 3d d,α α = two and three dimensional streamwise wave number of inlet disturbance 
β   = spanwise wave number of inlet disturbance             R  = ideal gas constant 
                                                        
1
 PhD Student, AIAA Student Member, University of Texas at Arlington, USA 
2 PhD Student, AIAA Student Member, University of Texas at Arlington, USA 
3
 Professor, AIAA Associate Fellow, University of Texas at Arlington, USA, AIAA Associate Fellow 
 
51st AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition
07 - 10 January 2013, Grapevine (Dallas/Ft. Worth Region), Texas
AIAA 2013-0997
Copyright © 2013 by Chaoqun Liu, University of Texas at Arlington.  Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.
D
ow
nl
oa
de
d 
by
 C
ha
oq
un
 L
iu
 o
n 
Fe
br
ua
ry
 7
, 2
01
3 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/6.
201
3-9
97 
 American Institute of Aeronautics and Astronautics 
 
 
2 
γ   = ratio of specific heats                                            
∞
µ  = viscosity 
 
I. Introduction 
urbulence, one of the top secrets of the nature, in general, is composed of two parts:  small length scale 
generation and flow randomization . Although the turbulence formation in late boundary layer transition 
has become subject of intense study for over a century, there are only few research papers about the 
mechanism of randomization in late boundary layer transition. One main reason may be that fluid 
dynamic community always relied on the classical theory at least for turbulence generation and 
sustenance. According to the classical theory, turbulence is generated when the large vortices in late stage 
of boundary layer transition break down into small length scales [19]. Unfortunately, breakdown and 
reconnection process couldn’t be observed by our DNS. Moreover, this phenomenon is theoretically 
impossible and could never happen in practice. For detail [20] 
    While taking into account earlier research work about flow randomization, one of  the milestone work 
was done by Daniel Meyer and his colleagues. They believed that “the inclined high-shear layer between 
the legs of the vortex exhibits increasing phase jitter (i.e. randomization) starting from its tip towards the 
wall region”.[2,3]. However from our numerical simulation, we observed a phenomenon which is 
different from the theory given by Meyer and his co-workers. We use periodic boundary condition in 
spanwise direction and disturbances are present only at inflow, outflow and far field. Still, we observe 
randomized flow. So, it is unlikely to happen randomization due to back ground noise and use of non 
periodic condition in spanwise direction. 
    In general, turbulence flow is characterized by chaotic and stochastic property changes in time and 
space. Then obviously some of important questions may come to our mind such as from where random 
fluctuation starts and by which mechanism flow becomes randomized? We thoroughly investigate our 
DNS results and try to trace as earliest as possible location and time step. We also try to reveal new 
mechanism. Since, skin friction in turbulence boundary layer region is always higher than in laminar 
region so the people who are dealing with design of aircraft always willing to delay transition process in 
boundary layer (reducing skin friction in boundary layer of aircraft reduces consumption of fuel). In this 
context, our present paper may obtain great attention. 
    A λ2-eigenvalue technology developed by Jeong and Hussain (1995) is used for visualization of vortex 
structures formed by interaction of non-linear evolution of T-S wave in transition process. 
II. Case Setup and Code Validation 
 
2.1 Case setup 
 
    The computational domain is displayed in Figure 1. The grid level is 1920×128×241, representing the 
number of grids in streamwise (x), spanwise (y), and wall normal (z) directions.  The grid is stretched in 
the normal direction and uniform in the streamwise and spanwise directions. The length of the first grid 
interval in the normal direction at the entrance is found to be 0.43 in wall units (Y+=0.43). The parallel 
computation is accomplished through the Message Passing Interface (MPI) together with domain 
decomposition in the streamwise direction (Figure 2). The flow parameters, including Mach number, 
Reynolds number, etc are listed in Table 1. Here, in inx .represents the distance between leading edge and 
inlet, Lx ., Ly , in inLz are the lengths of the computational domain in x-, y-, and z-directions, respectively, 
and wT . K is the wall temperature.   
 
                                                                    Table 1: Flow parameters 
∞
M  Re  in inx . Lx . Ly  in inLz  wT . K T .∞ 
T 
D
ow
nl
oa
de
d 
by
 C
ha
oq
un
 L
iu
 o
n 
Fe
br
ua
ry
 7
, 2
01
3 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/6.
201
3-9
97 
 American Institute of Aeronautics and Astronautics 
 
 
3 
0.5 1000 300.79 inδ  798.03 inδ  22 inδ  40 inδ  273.15K 273.15K 
 
 
                                                         
                                                                      Figure 1: Computation domain 
 
           Figure 2: Domain decomposition along the streamwise direction in the computational space 
2.2 Code Validation 
 
The DNS code – “DNSUTA” has been validated by NASA Langley and UTA researchers (Jiang et al, 
2003; Liu et al, 2010a; Lu et al 2011b) carefully to make sure the DNS results are correct. 
 
2.2.1 Comparison with Linear Theory 
 
Figure 3 compares the velocity profile of the T-S wave given by our DNS results to linear theory. 
Figure 4 is a comparison of the perturbation amplification rate between DNS and LST. The agreement 
between linear theory and our numerical results is quite good.  
                     
           Figure 3: Comparison of the numerical and LST velocity profiles at Rex=394300 
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              Figure 4: Comparison of the perturbation amplification rate between DNS and LST 
 
2.2.2 Grid Convergence 
 
    The skin friction coefficient calculated from the time-averaged and spanwise-averaged profile 
on a coarse and fine grid is displayed in Figure 5. The spatial evolution of skin friction 
coefficients of laminar flow is also plotted out for comparison. It is observed from these figures 
that the sharp growth of the skin-friction coefficient occurs after x≈450δin,which is defined as the 
‘onset point’. The skin friction coefficient after transition is in good agreement with the flat-plate 
theory of turbulent boundary layer by Cousteix in 1989 (Ducros, 1996). Figures 5(a) and 5(b) 
also show that we get grid convergence in skin friction coefficients. 
             
           (a) Coarse Grids ( 960 64 121× × )                          (b)Fine Grids (1920x128x241)                     
Figure 5: Streamwise evolutions of the time-and spanwise-averaged skin-friction coefficient 
 
2.2.3 Comparison with Log Law 
 
Time-averaged and spanwise-averaged streamwise velocity profiles for various streamwise 
locations in two different grid levels are shown in Figure 6. The inflow velocity profiles at 
x=300.79 δin is a typical laminar flow velocity profile. At x=632.33δin ,the mean velocity profile 
approaches a turbulent flow velocity profile (Log law).  This comparison shows that the velocity 
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5 
profile from the DNS results is turbulent flow velocity profile and the grid convergence has been 
realized. 
z+
U
+
100 101 102 103
0
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50
x=300.79
x=632.33
Linear Law
Log Law
                
    (a) Coarse Grids (960x64x121)                              (b) Fine Grids (1920x128x241)                   
    Figure 6: Log-linear plots of the time-and spanwise-averaged velocity profile in wall unit 
 
       
2.2.4 Comparison with Other DNS 
 
Although we cannot compare our DNS results with those given by Borodulin et al (2002) 
quantitatively, we still can find that the shear layer structures are very similar in two DNS computations 
in Figure 7.  
 
    
          (a) Our DNS                                                       (b) Borodulin et al (2002) 
Figure 7: Qualitatively Comparison of contours of streamwise velocity disturbance u in the (x, z)-
plane (Light shades of gray correspond to high values) 
 
 
2.2.7  U-shaped vortex in comparison with experimental results 
 
 
  Figure 8(a) (Guo et al, 2010) represents an experimental investigation of the vortex structure 
including ring-like vortex and barrel-shaped head (U-shaped vortex). The vortex structures of the 
nonlinear evolution of T-S waves in the transition process are given by DNS in Figure 8(b). By careful 
comparison between the experimental work and DNS, we note that the experiment and DNS agree with 
each other in a detailed flow structure comparison. This cannot be obtained by accident, but provides the 
following clues: 1) Both DNS and experiment are correct 2) Disregarding the differences in inflow 
boundary conditions (random noises VS enforced T-S waves) and spanwise boundary conditions (non-
periodic VS periodic) between experiment and DNS, the vortex structures are same 3) No matter K-, H- 
or other types of transition, the final vortex structures are same 4) There is an universal structure for late 
boundary layer transition 5) turbulence has certain coherent structures (CS) for generation and sustenance.        
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                                                                  Coherent structure of U-shaped vortex 
 
 
                 
(a) Experiment results given  by Guo et al (2010)                               (b)  DNS result of  U-shaped 
vortex 
                      
         Ring-like vortex 
 
Figure 8: Qualitative vortex structure comparison with experiment  
 
All these verifications and validations above show that our code is correct and our DNS results 
are reliable.                                                            
 
 
III. Our DNS Observations on “Randomization” 
 
3.1 Nature of coherent structure in late stage of transition  
 
    To gain additional insight for flow randomization process in late stage of transition, here we present 
short review of development and evolution of coherent vertical structures shaped by interaction of non 
linear T-S wave in the late stage. For identification purpose, we use λ2-eigenvalue technology developed 
by Jeong and Hussain (1995).  
 
 
 
                 
 
(a)t = 6T                                                                               (b) t= 7T 
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           (c) t= 8T                                                                                (d)t = 10.3T      
                 (For clear visualization, the color of vortex structure is changed after t=8T)                                       
 
                                                                    (e) t= 16T 
             Figure 9:  Evolution of vortex structure at the late-stage of transition 
                                        (Where T is the period of T-S wave) 
 
                                                     
    Late stage of transition starts with development of Λ(horse shoe)-vortices in time t=6T. These 
structures are rather short at the beginning (x=412-420) Figure 9(a). They are stretching continuously 
during evolution and become much larger while moving downstream. While moving downstream 
furthermore, the vortex tips are reconnected and Ω-(hairpin) vortices appear. Perfectly circular and 
perpendicular ring like vortices are generated by the interaction of primary and secondary streamwise 
vortices and they are gradually lifted up due to boundary layer mean velocity profile. Two important 
phenomena in late stage, namely “sweep” and “ejection” are connected with ring like vortices. The sweep 
between legs of ring like vortex brings low speed flow from boundary layer bottom to high speed zone in 
inviscid area. So, high shear layer is formed just above the ring legs. This shear layer is very unstable and 
multiple rings are formed by following first Helmholtz vortex conservation law (Figure 9b). For detail 
mechanism [6,7,18]. From Figure 9(c), we observe that second ring cycle overlaps first cycle (x= 472 to 
490). This phenomenon will be described in more detail in section (3.3). The coherent vertical structures 
which were demonstrating very salient feature at the beginning of late stage, now started to entangle each 
other.  As we see from Figure 9(d), the third level cycle just starts to overlap previous cycles in time step 
t=10.3T at x≈500. The complicated and nonlinear flow field in late stage of time can be visualizing from 
Figure 9(e). 
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3.2 Asymmetric phenomenon starts from second ring cycle in middle of both streamwise and 
spanwise direction 
  
    Here we consider the flow field which is viable through our DNS. Fig 10 (a) and (b) are top and bottom 
view of vortices structure at t=16.25T.  We observe that both top ring and bottom ring structures are 
symmetric. Mean while, a slice from Figure 10(a) is chosen in stremwise direction at x=838.9 to 
investigate the mechanism of randomization in spanwise direction. Streamtraces are helpful to check 
intensity of vortices. 
 
 
 
               
                             
(a)                                                                                    (b) 
 
                                                                 Figure 10:  top and bottom view of  λ 2 
 
 
 
 
      
 
      Figure 11: cross- section of λ2 and streamtrace Figure12: enlarged cross-section of λ2 and   
streamtrace 
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9 
 
We can clearly see from Figure 11 that the two vortex rings inside left and right white rectangular boxes 
are generated with different intensity. However, all other vortices have same magnitude of intensity. To 
justify that the two vortices indeed have different intensity, we further check two other variables namely 
pressure and spanwise vorticity (ωx) at the same position (where these left and right vortices are located) 
in the same slice. From Figure 13, we see that there is high pressure at the left vortex ring position than in 
the right. Also, from Figure 14, we can visualize that left vortex ring has greater intensity of spanwise 
vorticity than the left vortex ring. 
 
 
    As we know that λ2 technology is one of the convincing methods for visualization, we further try to 
confirm our claim (3.2) by using 3-dimensional vertical structures.  Figure 15 is tail view of isosurface of 
λ2 at t=16.25T. Here, we cut our domain in such a way that the visible tail of vertical structure starts from 
 
 
 
 
 
Figure 13 : cross-section of pressure Figure 14: cross-section of spanwise vorticity 
 
 
    
         
Figure 15: tail view of isosurface of λ2 Figure 16 : enlarged  tail view of isosurface of λ2 
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10 
exactly the same slice in Figure 11 and 12. From the black rectangles in Figure 16, it can be clearly 
observe that the vortex structures are not symmetric. 
 
3.3 Overlapping of multiple ring cycles 
 
    Figure 17 is side view of isosurcface of λ2 at t=16.25T. From this Figure, we observe that the 
transitional boundary layer is getting thicker and thicker. This thickening is due to overlapping of multiple 
ring cycles. This overlapping phenomenon can be described in this way. Since, the ring head is located in 
the inviscid area and has much higher moving speed than the ring legs which are located near the bottom 
of the boundary layer, the hairpin vortex is stretched and multiple rings are generated. This will lead to an 
overlapping of second ring cycle upside of first ring cycle. However, no mixing of two cycles is observed 
by our new DNS (Figures 9c and 9d). The second ring is isolated from the first ring cycle by a secondary 
group of rings which are generated by the wall surface, separated from wall and convected to downstream. 
By the same reason the third ring cycle overlaps first two cycles and so on. This is the reason why the 
transitional boundary layer becomes thicker and thicker. 
 
   While investigating the mechanism for randomized flow, we found an interesting connection between 
the origin of randomization (x=838.9) and thickness of transitional boundary layer. From fig (10), we can 
see that the randomization starts from the place where the boundary layer has maximum thickness. We   
found that the loss of symmetry happens in the middle of the flow field in the streamwise direction, not 
inflow and not outflow. Since all noises are mainly introduced through the inflow, outflow or far field, it 
is unlikely that the reason to cause asymmetry is due to the large background noises, but is pretty much 
the internal property of the multiple level vortex structure in boundary layers. 
 
3.4 Completely asymmetric flow at very late stage 
 
    As we found the asymmetric fluctuation is originated at middle level ring cycle. Another immediate 
question may be how this loss of symmetry spreads in normal direction. To answer this question, we 
investigate the coherent vertical structures at t=17.625T. 
 
                                   Figure 17: side view of isosurface of λ2 for  whole domain  
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      Figure 18(a). Top view isosurface of  λ2                      Figure 18(b). Bottom view - isosurface of  λ2                       
 
By observing Figure 18(a), we notice the top level rings still preserve asymmetry. Mean while we found 
that the bottom level of ring cycles completely lost symmetry (Figure 18b). This can be concluded that the 
asymmetric phenomenon which was started in middle just affected bottom level ring cycle. Here we 
found “Sweep” motion play important role to spread the asymmetric phenomenon to bottom. Actually, 
the sweep brings high speed fluid from inviscid region to bottom of boundary layer. The small length 
scale in bottom is direct consequence of sweep so these small scales are now victim.  To further confirm 
the claim that the deformed vortices in middle affect the small scale on bottom, we choose a cross section 
in fig 18 (a) and (b) at x≈931.5 and draw stracetraces along each vortex (Figure 19).  
 
       
     Figure 19: velocity perturbation with streamtraces                  Figure 20: velocity of streamtracs 
 
 
We observe most of vortices in middle and bottom are generated by different level of shear layer. Fig is top view of 
isosurface of where we see most top level rings are also asymmetrc. Meanwhile we select a cross-section from 
Figure 21, we found  almost all the flow field is asymmetric. 
Cross-section 
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                                                              Figure 21: Top view of  isosurface of λ2 
 
IV. Analysis 
 
The flow is symmetric and periodic with period=π (Figure 22) at early stages. Since we enforce periodic 
boundary condition in the spanwise direction with a period=2π and enforce a symmetric and periodic 
(period=π) flow profile at the inflow, the flow will have to keep periodic in the spanwise direction 
(period=2π) and symmetric at inflow. However, the following processes have been observed: 
 
1) Flow lost symmetry in the middle (not at inflow or outflow) in the streamwise direction and the middle 
of the multiple overlapping ring cycles (Figure 23). However, the flow is still periodic with a period=π 
(Figures 24(a) and 24(b)). This means the flow does not only have  
but also have  which is newly generated;  
2) Flow lost periodicity with period=π, but has to be periodic with period=2π (Figure 24(c)), which we 
enforced. Since the DNS study is focused on the mechanism of r  andomization and the DNS 
computation only allows use two periods in the spanwise direction, we consider the flow is randomized 
when the symmetry is lost and period is changed from π to 2π (Figure 25):  
 
In real flow, there is no such a restriction of periodic boundary condition in the spanwise direction. 
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13 
 
Figure 22: Whole domain is symmetric and periodic: f(-y)=f(y) and f(y+π)=f(y) 
(the period=π; spanwise domain is –π<y<π) 
 
          
(a) Section view in y-z plane                                (b) Bottom view of positive spike 
Figure 23: The flow lost symmetry in second level rings and bottom structure at T=15.0 
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Figure 24(a): Symmetric and asymmetric – Red rectangular frame: periodic and symmetric at y=-π/2, 0, π/2, 
i.e. f(y+π)=f(y), f(-π/2 –y)=f(-π/2+y), f(-y)=f(y), f(π/2-y)=f(π/2+y); Yellow diamond frame: periodic, f(y+π)=f(y), 
period=π; but asymmetric ; the spanwise domain is –π<y<π 
 
 
Figure 24(b): Periodic but asymmetric – Yellow diamond frame: periodic, period=π; 
black box: periodic but period= 2π; the spanwise domain is –π<y<π 
D
ow
nl
oa
de
d 
by
 C
ha
oq
un
 L
iu
 o
n 
Fe
br
ua
ry
 7
, 2
01
3 
| ht
tp:
//a
rc.
aia
a.o
rg 
| D
OI
: 1
0.2
514
/6.
201
3-9
97 
 American Institute of Aeronautics and Astronautics 
 
 
15 
 
 
Figure 24(c): Periodic but asymmetric – all black boxes: periodic but asymmetric (period= 2π); 
the spanwise domain is –π<y<π 
 
Figure 25:  The whole flow field lost symmetry at T=21.25 
Top ring structure lost symmetry (blue area is symmetric but red area is not) 
 
V. Hypothesis 
 
      Apparently, loss of symmetry, which is equivalent to adding sin (2ky), is a key issue for the starting 
point of flow randomization. A hypothesis was given by Liu that the loss of symmetry is caused by the 
shift from C-type to K-type transitions or reverse. The randomization is caused by the instability of the 
multiple level vortex ring cycle structure which is an internal property. Therefore, randomization is not 
mainly caused by big background noises or removal of periodic boundary conditions in DNS. The flow 
shows a C-typed transition (staggered) at beginning (Figure 26(a)), but becomes K-type transition later 
(Figure 26(b)) and then mixed (Figure 26(c)). This means the first vortex circle is C-type, but second 
circle, which overlaps the first circle, is K-type.  K-type, C-type, and mixed type are all observed by experiment. 
There must be some trend of shift from C-type to K-type or reverse. This shift will cause the loss of symmetry of the 
middle of the first circle (Figure 27). This trend will change the underneath large ring structure and cause the loss of 
symmetry of the underneath large rings. Once the middle large rings lost symmetry, the underneath small length 
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16 
scale will lose the symmetry quickly due to the asymmetry of second sweeps.  Finally, the asymmetry of lower level 
vortex structures will affect the top rings through ejection and the whole flow field becomes turbulent.  
 
(a) C-type   (t=7.0T)                                           (b) K-type (t=8.8T) 
 
(c) Overlapping multiple ring cycles (t=15.5T) 
Figure 26: Vortex structure in K-type, C-type and mixed type transition (T is the T-S period) 
 
     
(a)C-type (Symmetric)                 (b) C-H shift (Non-symmetric)               (c) K-type (Symmetric) 
 
Figure 27: Sketch of symmetry loss due to the shift from C-type transition (vortex circles are staggered) to the K-
type transition (vortex circles are aligned) (the blue one is the first circle and the red one is the second circle) 
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VI. Conclusion 
 
Although we still use the symmetric boundary condition (period is π for inflow and 2π for the whole domain) 
without intentional introduction of background noises from the inflow, outflow, and far-field, we still find that the 
vortices become asymmetric in the whole flow field finally. Following conclusions can be made by the current DNS 
result we obtained: 
1. The phenomenon of asymmetry is first observed at the middle level of the overlapping multiple ring cycles 
instead of the ring tip. Meanwhile, the loss of flow symmetry is also found at the middle part of the flow 
field in the streamwise direction. Meanwhile, the neighboring inflow and neighboring outflow parts still 
keep symmetric characteristics. 
2. The background noise could prompt the C-type or K-type transition. Eventually, the loss of 
symmetry may be caused by the shift from C-type to K-type transitions or reverse. In addition, 
randomization could be caused by the instability of the multiple level vortex ring cycle structure 
as well. Both are the internal property. 
3. There are small vertex rings generated at the middle by different streamwise velocity shear levels which 
will affect the intensity of positive spikes. This will result in deformation of the small vortices near the 
bottom of the boundary layer. 
4. The asymmetric lower level vortices deform the shape of the upper level vortices through ejection. 
Simultaneously, the deformed small vortices in middle quickly affect the small length scales in 
the bottom. 
5. Finally, we can find that the top flow structure loses the symmetry and the whole flow field is randomized 
and becomes turbulent. 
 
In summary, the order of asymmetric phenomenon can be concluded as middle ring structure first, bottom later 
and top last.   
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